Abstract. CSIR-National Physical Laboratory (NPL) India is a National Metrology Institute (NMI), which disseminate traceability of the physical parameters in the country. In the field of microwave, it is one of the apex laboratories to provide traceability. In this paper, the method for precession measurement of effective source reflection coefficient using resistive power splitter and mismatch uncertainty evaluation are reported and discussed. Juroshek method is implemented in conjunction with Vector Network Analyzer (VNA) for mismatch uncertainty evaluation by measuring source reflection coefficient from measured S parameters. The measurement results and their associated uncertainty are presented and discussed from 1 MHz to 18 GHz of the resistive power splitter. The complex reflection coefficient of the effective source is determined using indigenously developed automation software. The method adopted is the most convenient way of measuring effective source reflection coefficient whose values are smaller than the manufacturer specs. The mismatch uncertainty has been improved, which is beneficial during the calibration of power sensors along with power meters.
Introduction
The coaxial microcalorimeter along with the thermistor mounts is a primary standard of microwave power, whose traceability is obtained by assigning effective efficiency as a function of frequency [1] [2] [3] [4] . The calibration of microwave power sensor using direct comparison technique is to transfer the calibration factor from a primary standard to a reference standard or from a reference standard to a user organization reference standard power sensor. The parameter transfer is through either by direct comparison or calibration one against the other. This is the simplest method to calibrate a power sensor against a reference standard by connecting each in turn to a microwave source, as shown in Figure 1 . The accuracy of microwave power measurement depends on the accuracy of power sensor calibration. Implementing direct comparison technique for power sensor calibration by using equation (1) , calibration factor of device under calibration (K b(DUC) ) can be evaluated [2] . DUC power sensor has identical reflection coefficient as that of reference power standard, but the reflection coefficient of the source plays an important role in calculating the mismatch factor for calibration using equation (2) and mismatch uncertainty for the power sensor uncertainty evaluation [2] . This paper presents how Juroshek method [5, 6] has been used to evaluate the effecCorrespondence: ahmads@mail.nplindia.org tive source reflection coefficient and mismatch uncertainty from 1 MHz to 18 GHz using resistive power splitter. Then by power ratio measurement it transfers the calibration factor, from standard to DUT, to complete the calibration. The signal generator reflection coefficient cannot be neglected in accurate power sensor calibration with small uncertainty. To improve the calibration result and mismatch uncertainty evaluation, we have to perform a mismatch correction, i.e. the complex reflection coefficient of the microwave source has to be evaluated precisely in the calibration model. The complex value is represented in term of real and imaginary components.
where, 
Article published by EDP Sciences where, Γ G , Γ S , and Γ D are reflection coefficient of signal generator, reference standard and device under calibration respectively. A resistive power splitter which is a three port device is used in microwave power sensor calibration, where it is important to have a low effective source reflection coefficient over the entire frequency range. However, a significant measurement error can occur due to its directivity, the reflections between the three port of resistive power splitter and the devices connected to it. These errors can be minimized by measuring its equivalent source mismatch. The effective source reflection coefficient at output port 2 of a resistive power splitter may be computed from its complex scattering parameters using equation (3) . From this equation we can understand that reflection coefficient of source is basically a function of S parameters of a three port device and is not affected by the signal generator or detector connected to port 1 and 3 respectively.
where, S ij are complex scattering parameters of a three port resistive power splitter. One possible way of determining effective source reflection coefficient is using an attenuator at the output port. The system setup is fast, easy and simple. But it may be used only for relatively rough measurement, since the reflection coefficient of a signal generator Γ G , is more difficult to measure than that of a passive load. Moreover, Γ G varies with frequency. For Γ G measurement an intermediate component is proposed to use to increase the accuracy. If put an attenuator on the source output, the reflection coefficient of a generator is improved. But low power is a problem if we insert an attenuator. A leveling circuit or ratio measurement can avoid this problem. Resistive power splitter or directional coupler may be used as the intermediate component, as shown in Figure 1a . The effective source mismatch between source and DUC and between source and STD is illustrated in Figure 1b .
The measurement method for evaluating effective source reflection coefficient using three port resistive power splitter proposed by Juroshek is completely based on Vector Network Analyzer measurements [5, 6] . A vector network analyzer is a swept frequency reflectometer system to measure the magnitude and phase angle of reflection and transmission coefficients of a one port or a two port network (S-parameters). The signal transmitted through or reflected from the unknown device is compared in amplitude and phase with a reference signal. The signal separation in the network analyzer is accomplished through the use of directional couplers, bridges and power splitters. The reflection coefficient (|S 11 | or |S 22 |) in general (|S nn |) of a device is measured in terms of return loss (RL = −20 log(1/|S nn |) against a zero dB return loss standard whereas the transmission coefficient (|S 12 | or |S 21 |) of a two port network is measured in terms of attenuation against a zero dB transmission loss standard. The operation of vector network analyzer is based upon the multi-channel tuned IF receiver and the detected IF voltage is proportional to the magnitude of the RF signal.
There are several types of calibrations, defined by ports which are involved and their level of correction is accomplished. These calibration types include namely: "Full 2-Port": this is the most commonly used and most complete calibration which involves two measurement ports. All four S-parameters (S 11 , S 12 , S 21 , and S 22 ) are fully corrected.
"Full 1-Port": We used Full 1-Port calibration in this paper. In this case, a single reflection parameter is fully corrected (either S 11 or S 22 ). Both ports can be covered but only reflection measurements will be corrected. This calibration type is useful for reflection-only measurements, including the possibility of doing two reflection-only measurements at the same time. There are a number of imperfections that limit measurements done without calibrations. These imperfections include: match, directivity and frequency response. Through calibration, VNAs provide the highest level of accuracy by correcting for these imperfections, as well as other defects [7] [8] [9] .
Vector network analyzer has been calibrated using short-open-load-thru (SOLT)/open-short-load (OSL) techniques. Accuracy of the VNA system is verified for reflection and transmission measurement using coaxial precision airlines, 20 dB and 50 dB attenuators of the verification kit. To measure reflection parameters S 11 and S 22 , a one port device is connected either at test port 1 or at test port 2 of the VNA. The value of S 11 or S 22 is the ratio of reference and reflected signals for the two settings of the input switch and the amplitude and phase information of the S 11 and S 22 parameters can be read from the display. The observations are repeated atleast five times to compute the type (A) uncertainty. To evaluate the type (B) uncertainty EURAMET guidelines has been followed [10] .
Measurement procedure
Effective source reflection coefficient of a resistive power splitter is determined using VNA and one port calibration technique. In this method a resistive power splitter is connected to an uncalibrated VNA and then performs one port calibration at port 2 of the splitter. The complete measurement process is carried out in two different phases. In first phase, VNA is calibrated for one port calibration. After calibration, three different loads are connected as shown in Figure 2a and their reflection coefficient in real and imaginary form is measured. These measured values would be later used as the known reflection coefficients to solve the matrix equations. In second phase, the resistive power splitter is connected to an uncalibrated VNA as shown in Figure 2b . Port 2 of power splitter is now considered as the effective source port due to the calibration reference plane. Port 1 and 3 of splitter are connected to port 1 and 2 of VNA respectively. One port VNA calibration at the reference plane of the power splitter is repeated again. After performing the calibration, known standards are connected at port 2 of power splitter and reflection coefficient in complex form is measured for each standard [11] . These results are considered as the measured reflection coefficient of known loads. A view of the airline measurement setup for uncertainty evaluation and resistive power splitter setup for Γ G evaluation are shown in Figures 3 and 4 respectively. The known and measured values of load are saved in excel sheet and the indigenously developed automation software is used to calculate the effective source reflec- tion coefficient and it's VSWR. MATLAB platform is used to design and developed automation software for the systematic evaluation of the reflection coefficient (Γ G ) and VSWR of the source. A front view of the running software and the flow chart explaining the working of automation software are shown in Figures 5a and 5b respectively. All the measured data has been acquired from VNA and automatically solving complex matrix equations to evaluate effective source reflection coefficient [12] . The simplest way of analyzing network problems is to solve the equations for a particular path in signal flow graph [13] . By implementing this method and applying few basics signal flow graph rules the evaluation of complex equations can be greatly simplified. We have used this method to solve and simplify these equations using signal flow graph [14, 15] . In general S 11 for DUC using VNA may be given by equation (4), where a 1 is incident wave and b 1 as reflected wave. This method is implemented using VNA, which measures the ratio of incident and reflected voltages at port 2 of resistive power splitter. Using this method, source mismatch can be evaluated if we have three loads of known reflection coefficients and their respective measured reflection coefficient with splitter connected.
where, e 00 : directivity, e 11 : source match, e 01 e 10 : reflection tracking. The quantities directivity, source match and reflection tracking are complex in real and imaginary form that represents imperfection and losses in the resistive power splitter. These three unknown quantities, of the power splitter can be calculated by solving equation (5) with three known loads [5, 6] . A matrix is formed which can be solved for e 11 (effective source reflection coefficient).
where Δ E = e 00 e 11 − e 01 e 10 , Γ x (x = S, O, L) are known values for short open and load which is defined by the models of the calibration standards. Γ MX is measured value related to wave-quantities for the same. Finally, e 11 is used as Γ G as a reflection coefficient of the source The method described allows fast, accurate and elegant determination of the effective source reflection coefficient of a resistive power splitter [16] [17] [18] . The user can thus very easily use Γ G , e.g. during the calibration of power meters, and can consequently profit from a considerable increase in measurement accuracy. Once the Γ G has been measured, it gives an advantage in the calibration of power meter without increasing the DUT measurement time and without incurring additional costs for expensive hardware. Using equations (6)−(8) and solving them for e 11 , which is effective source reflection coefficient Γ G . We get equation (9) as: see equation (9) next page.
Measurement results
The measurement results for effective source reflection coefficient using equation (9) are shown in Table 1 . The table shows Γ G in real and imaginary, its magnitude and VSWR. All the measurement results are obtained by calibrating VNA using calibration kit and verification kit. The effective source reflection coefficient values are determined using resistive power splitter. All the measurements have been carried out in the controlled environmental conditions of temperature (25
• C) and relative humidity RH (50% ± 10%).
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Measurement uncertainty
Three port resistive power splitter plays an important role in microwave power calibration. Mismatch Uncertainty forms almost half of the total uncertainty budget in power sensor calibration. Therefore the effective source mismatch related to the power splitter has been evaluated. It depends on reflection coefficients of source Γ G , standard used and device under calibration. The associated mismatch uncertainty has been calculated using the following equation equation (10) [2] .
To calculate mismatch uncertainty, we need VSWR of the microwave source in the entire frequency range. The evaluation is based on VNA measurements using one port calibration technique. The VNA measurement uncertainty has been evaluated based on EURAMET guidelines [10] . This is type (B) uncertainty apart from type (A) uncertainty, which is repeatability. The uncertainty in measuring reflection coefficient of the source depends upon the S parameter measurement of three known loads and is calculated by using the law of propagation of uncertainty [10, [19] [20] [21] [22] [23] . Using equation (9) we have determined the sensitivity coefficients by evaluating the partial derivative of Γ G with respect to all the parameters of the equation. There are six sensitivity coefficients whose values have been evaluated using the following equations.
Using uncertainties of Γ S Γ O Γ L Γ MS Γ MO and Γ ML and the six sensitivity coefficients evaluated from equation (11)−(16), the combined standard uncertainty u c (Γ G ) in effective source reflection coefficient has been determined by equation (17) . The results are given in Table 2 . The plot of effective source reflection coefficient along with its uncertainty is shown in Figure 6a . The comparison plot of effective source reflection coefficient measured and the manufacturer data is shown in Figure 6b .
Discussion
The method for measuring effective source mismatch using resistive power splitter has been demonstrated. Source reflection coefficient (Γ G ) measurement has been done from 1 MHz to 18 GHz using type N resistive power splitter. The measurement process uses conventional one port VNA calibration technique to determine Γ G at port 2 of the splitter. The minimum and maximum difference between measured values of Γ G using this method and manufacturer specifications are 0.0076 at 14 GHz and 0.0684
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International Journal of Metrology and Quality Engineering Figure 6a . We have observed that the uncertainty in measurement of (Γ G ) increases with respect to frequency. The significance of knowing the precise value of Γ G using resistive power splitter may be appreciated by considering a typical power sensor calibration situation. Suppose we need to assign calibration factor to a power sensor at 18 GHz that has a reflection coefficient of 0.019. Using the measurement setup shown in Figure 2b and equation (1) calibration factor may be assigned to a power sensor. To estimate mismatch uncertainty between RF source and DUC, one has to know the reflection coefficients of DUC and RF Source. DUC reflection coefficient can be measured using VNA and the mismatch uncertainty directly depends upon the value of effective source reflection coefficient (Γ G ). To compare the results at 18 GHz we use manufacturer's data (Γ G = 0.0700) and the measured data (Γ G = 0.0016). Using equation (9) , mismatch uncertainties between RF source and power sensor are evaluated as 1.88E-03 and 4.30E-05 respectively. Hence, it may be concluded that the effective source reflection coefficient (Γ G ) measured improves the corresponding mismatch uncertainty, which will further improved the overall combined standard uncertainty of the power sensor at 18 GHz. The effective source reflection coefficient (Γ G ) measured by implementing the above mentioned method and given by the manufacturer are plotted w.r.t. frequency as shown in Figure 6b .
Conclusion
We have evaluated the value of Γ G effective source reflection coefficient using resistive power splitter together with its uncertainty evaluation by solving the derived equations for three unknowns that are used to calibrate the single port of VNA. Automation software has been developed to implement this method for effective source reflection coefficient measurements. Measurement of Γ G using N type resistive power splitter has been done from 1 MHz to 18 GHz. For the estimation of uncertainty, EURAMET guidelines have been followed and the associated uncertainty has been evaluated for all the frequencies.
This method results in the improvement of power sensor calibration uncertainty. The mismatch uncertainty by measuring the effective source reflection coefficient plays an important role in evaluating the uncertainty for power sensor calibration, which further improves the power sensor calibration uncertainty. This paper has discussed the method to evaluate the reflection coefficient of the source using resistive power splitter and its associated uncertainty. The minimum and maximum difference between measured values of Γ G using this method and manufacturer specifications are 0.0076 at 14 GHz and 0.0684 at 18 GHz respectively. Hence, by using this method there is an improvement in mismatch uncertainty, which will further improved the overall combined standard uncertainty. The repeatability of the measurements again confirms the same improvement in the mismatch uncertainty. Hence, by implementing this method we are able to determine equivalent source mismatch, which is an important part of estimating power sensor calibration uncertainty.
